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The influence of microstructure and microtexture on fatigue crack initiation and growth
in o + P titanium
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The strain paths and thermal cycles utilized during thermomechanical processing of two-phase alloys have a pronounced influence on the resulting
distribution of grain orientations present and their spatial distribution. For example, large regions of similarly oriented o grains, commonly referred to as
microtextured regions or macrozones, may persist despite the imposition of large macroscopic strains. The detrimental effect of microtexture on dwell
fatigue life of high temperature alloys is well established; however, considerably less attention has been given to the effects of microtexture on fatigue life
during continuous cycling . In the present work, the effects of microstructure and microtexture on the low cycle fatigue (N¢ < 10* cycles) behavior of Ti-
6AIl-4V have been characterized using electron microscopy. Microstructural parameters such as the volume fraction and size of the a phase were assessed
by quantitative metallography while the contiguity of the o phase and the size and shape of the microtextured regions were investigated with electron
backscatter diffraction. Variations in microstructure and microtexture due to subtle differences in thermomechanical processing routes have been correlated
with variations in fatigue life through the use of quantitative fractography techniques. Using these methods the spatial and crystallographic orientations of
fracture facets at small crack lengths have been determined. The results indicate that grains with c-axes are oriented between approximately 25° and 55°
from the stress axis are most likely to form cracks that propagate by facet formation on the basal plane. Crack advance by faceted growth occurs readily
through grains with similar basal plane orientation and, as a result, the contiguity of equiaxed o grains with basal poles in the 25° — 55° range is an important

parameter governing low cycle fatigue life.

Keywords: fatigue, crack initiation, crack growth, microstructure, EBSD, fractography

1. Introduction

Two-phase titanium alloys have the unique
characteristic that regions of similar crystallographic
orientation, known as either microtextured regions or
macrozones, persist through large strains during
thermomechanical processing (TMP) Y. The presence*>
of microtextured regions has been shown to cause a
substantial reduction in fatigue life when a hold at peak
stress, or dwell period, is imposed. Although multiple
cracks form during dwell fatigue loading, the critical
crack seems to grow from the largest of these regions®.
The sample volume and shape of microtextured regions®
have recently been implicated in dwell fatigue life
variability in laboratory specimens making the
development of transfer functions for components
difficult. Modeling efforts'” have revealed the effects of
microtexture at the grain level in creating non-uniform
stress-strain distributions, the accumulation of plastic slip
near grain boundaries and the propensity for crack
nucleation.

However, considerably less attention has been given to
the effects of microtexture on ordinary continuous
cycling fatigue life. Several studies have confirmed the
crystallographic nature of small and near-threshold crack
growth at low AK>'™ and it is agreed that crack growth
during cyclic loading occurs on the basal plane,
presumably along pre-existing slip bands. There have
been limited experimental measurements of the spatial
orientations of fracture facets as a function of loading
history®®, but it is clear that cyclic facet formation tends
to occur on high Schmid Factor planes inclined to the
loading direction. At small crack lengths, the presence of
microtexture has been shown to support extended faceted
growth over longer distances in the microstructure

compared to material with randomly oriented grains'?. At
longer crack lengths, Bowen®® showed that long crack
growth rates were significantly affected by
crystallographic orientation in strongly textured plate.
The change in crack growth rates were correlated with
changes in fracture mode and topography. Bantounas et
al.*¥ have shown that fatigue crack growth occurs by
different mechanisms in microtextured regions of
different orientation. Regions oriented for easy prismatic
<a> slip supported crack extension by striation growth
whereas regions oriented for pyramidal <c+a> slip tended
to fail by mechanisms resembling monotonic loading
fracture. It follows that significant variation in crack
growth rate would be expected in microtextured material.
Because low cycle fatigue is predominantly crack-growth
controlled, it would be expected that microtexture would
exert a strong influence on fatigue behavior as it has been
shown to affect the small and long crack regimes.

While carefully designed TMP schedules can reduce
the extent of microtexture formation****®, it is almost
inevitable that there will be some clusters of similarly
oriented grains in a final forged component. These
statistical weak-links can be easily discovered by fatigue
testing, however, it would be useful to rank the resistance
of a particular microstructure to its fatigue crack growth
resistance. In the present work, we present a methodology
for this purpose that correlates, microstructure including
microtexture as affected by processing history with
properties, particularly low cycle fatigue.

2. Materials and Experimental Procedure

The material selected for this work was Ti-6Al-4V.
The alloy was cast as production-scale, cylindrical ingots
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Table 1. Summary of microstructural features and properties. *Loading axis transverse to bar axis.

FE1 E2a 7.9+6.2(43.9) 0.65 861 960  18.8/419 416,615
*GKT(L)

* - f
3LRL L2b 7.9 5.8 (42.1) 0.67 881 975  16.9/37.2 98.104
‘MGT  Mic 6.8+4.2(34.1) 0.63 886 979  14.4/33.2 65,803
2AL93 u 8.2+ 6.0 (43.5) 061 870 968  16.3/413 206,516

with sizes up to 280 mm in diameter. The coarse,
columnar ingot structure was refined through a series of
TMP steps that included o + B forging and o + B finishing
steps to produce production-scale bar. A total of three
processing routes were used to prepare material for the
present work; however, details of the processing
sequences are proprietary and for the purpose of this
paper the effects of different processing routes on fatigue
behavior is the important point. For simplicity, samples
are subsequently identified by the letters A, B and C to
distinguish between processing routes.

Strain-control LCF tests, with a constant strain
amplitude of 0.71%, were performed on a servo hydraulic
test frame at 93 °C (~200 °F). For the purposes of this
paper, one representative longitudinal fatigue sample is
used from each processing route. In addition, a transverse
fatigue specimen was tested from route A and a sample
with completely unknown processing history was tested
(route U). The as-fractured specimens were protected
with an acrylic lacquer and sectioned perpendicular to the
loading direction. The lacquer was later removed with
acetone and the fracture surfaces were investigated in a
scanning electron microscope (SEM).

The sample microstructures were characterized by
light metallography and scanning electron microscopy.
Quantitative metallography was used to determine the
size and volume fraction of primary a particles, The
results are shown in Table 1. The extent of micro- and
macrotexture was investigated via EBSD using a SEM
equipped with a field emission gun. The samples used for
EBSD analysis were sectioned with the longitudinal
direction of the gauge section of the fatigue samples
(containing the loading direction in the plane of polish).
For the EBSD experiments, the SEM was operated at an
accelerating voltage of 20 kV with a probe current of
approximately 10.5 nA at a working distance of 25 mm.
The scanned areas were typically of the order of 4 ~ 8
mm?at resolutions of 1.5 — 2.5 pm.

3. Results and Discussion

3.1 Microstructure and Texture

The microstructure resulting from the three
thermomechanical processing sequences were all typical
of a + P worked material consisting of globular o
particles in a matrix of transformed B. The microstructure
was characterized to determine the volume fraction of
primary o particles, the mean and standard deviation of
the a particle size and the maximum o particle size. The

size measurements were made using the line intercept
method. The results are summarized in Table 1. A
comparison of the three processing routes reveals no
substantial variations among the routes in the volume
fraction of primary o despite +/- 100 °C variations in
finishing temperature. The mean o particle sizes were
similar among all samples, all being significantly less
than one standard deviation from one another. The
maximum particle size, varied somewhat more, but was
still relatively small.

The macrotexture of the samples, as determined by
reduction of EBSD data were collected from large areas.
At first inspection, the textures seem considerably
different, but considering that the stress state is uniaxial
and axisymmetric, they are actually quite similar. In
general, except for FE1, all of the samples have similar
macrotexture with basal poles oriented at all angles
between 0 and 90° to the loading direction, although
subtle variations in intensity were noted. For example,
samples LRL and AL93 have highest intensities along the
loading direction, while samples GKT and MGT have
slightly higher intensities where [0001] is inclined to the
tensile axis. In contrast, sample FE1 was in an elastically
and plastically soft orientation with [1010] oriented along
the tensile direction.

3.2 Microstructure-Property Correlations

In this section we present the properties of the five
conditions and subsequently discuss the relation between
the microstructure, which includes microtexture, and LCF
life. The room temperature tensile properties and LCF
lives of the various conditions are shown in Table 1. A
quick comparison reveals that LCF life does not
correlate with yield strength, oy, ultimate tensile
strength or ductility. These data show a large variation in
fatigue behavior as affected by processing history even
though the microstructures as determined by conventional
methods are ostensibly the same. Fractographic
examination showed that fatigue crack initiation and the
early stages of crack growth occurred by facet formation.
It has been shown®® that these facets lie on (0001) and
form in grains oriented to favor a type slip on the basal
plane. The crack propagation mode transitioned to classic
striation formation for all samples at crack lengths of ~ 1
mm. Representative fractographs of these propagation
modes are shown in Figure 1 (a) and (b). A qualitative
correlation was found between the size / shape of the
faceted region and LCF life. In general, samples
exhibiting more extensive faceted growth had lower lives,
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Figure 1. Examples of (a) faceted and (b) striation crack growth in
samples LRL and GKT, respectively.

however, a method for a more quantitative metric for
assessing LCF life is desirable.

Previous work'” has shown that faceted crack growth
is faster than striation growth at equivalent driving force.
Because much of the total low cycle fatigue life is spent
in crack growth, we argue that materials containing a
large number of grains favorably oriented for facet
formation will naturally have shorter lives. This is
especially true in microtextured materials where clusters
of similarly oriented grains permit easy crack extension
by faceted growth. Such a situation causes the crack to
grow rapidly with a concomitant increase in crack driving
force which shortens the specimen life. Having
established that facet formation is strongly orientation
dependent, and that crack growth occurs more rapidly via
faceted growth, it is necessary to identify the range of
grain orientations that can support faceted growth. For
this purpose, we have employed the quantitative tilt
fractography (QTF) / EBSD® technique. After confirming
that the facets were indeed parallel to (0001) on
approximately 10 facets, QTF was used to determine the
spatial orientation of another 33 facets to create the
distribution of facet normal orientations as shown in
Figure 2. Based on this distribution, it is clear that grains
with basal poles between approximately 25 and 55° from
the loading direction are most likely to initiate and sustain
faceted growth.

In order to make a quantitative comparison of the
various processing routes, we have characterized the
spatial distribution of grain orientations in representative
samples with large-scale, automated EBSD. The resulting
data were post-processed and segmented to produce a
binary image in which the grains capable of sustaining
faceted growth (where [0001] is between® 2md 55°
from the loading direction) are black while all others
remain white. An example of this type of data, termed a
‘crystal direction map,” (CDM) is shown in Figure 3.
These maps contain two important pieces of information,
namely, the fraction of grains oriented for easy facet
formation (whether it be initiation or growth) and the
spatial distribution of these grains. The former gives
information regarding the number of potential nucleation
sites while the latter relates to crack propagation
resistance. For the case of LCF, which is crack
propagation limited, the spatial distribution would be
most important factor because it will dictate the amount
of time the crack front spends in fast-growing grains.

Figure 2. Histogram of facet normal angles (43 measurements).

Figure 3. Crystal direction map for sample GKT where black grains
have [0001] between 25° and 55° from the loading direction (vertical).

Thus, the following method was used to make a
quantitative comparison of the CDMs. Since each map
was collected on a longitudinal section of the sample
gauge, the loading direction was contained in the plane of
polish and, if this section had cracked, the macroscopic
crack plane would be nominally perpendicular to the
loading direction. Thus, theoretical crack growth paths
were traced on the EBSD scans and the distance in which
the crack would have been contained within the black
(faceted) and white (non-faceted) regions was recorded.
This process was repeated in sequence for each row in the
EBSD scan and the resulting data was analyzed
statistically. Some of the first order results are reported in
Table 2. These values capture the general trend of data,
but there is usually at least one sample out of place. The
one exception is the area fraction of facet forming grains.
This parameter scales inversely with LCF life over the
range of microstructures investigated here.

For a more quantitative comparison, the data
were also represented in cumulative distribution function
(CDF) space. Normally distributed axes were used in the
plot, Figure 4, to highlight differences in the data. Similar
comparisons can be made for the non-faceted regions,
which all tended to similar values for the present alloy
and are therefore omitted to save space. These plots
assume that each data point is uncorrelated and describe
the probability that the crack front will be in a faceted (or
non-faceted) region of a particular size. Of course larger
sizes correlate with both decreased resistance to crack
propagation and increases in the driving force for further
crack extension. This figure shows a strong correlation
between faceted growth and shorter LCF life. The
positions of samples MGT and GKT are reversed on the
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Table 2. Statistics extracted from crystal direction maps. MFP = mean
free path, f = area fraction of facet-forming grains.

Sample MFP Max MFP f
faceted faceted  non-faceted

TFE1 6.0+5.0 645 231+271 0.20
SGKT-L 9.0+84 1231 150+175 0.37
SLRL 9.2+7.1 839  203+217 031
‘MGT  108+99 1261 19.7+233 0.35
2AL93  7.8+6.0 59.4  20.3+19.2 0.28

plot from where they might be expected based on a literal
ranking of fatigue life. However, the difference in life
ofthese samples is less than 20,000 cycles and may be
less than the resolution of this technique. The method is
able to accurately separate the order-of-magnitude
differences in life, e.g. samples GKT and FE1. Examining
the CDF plot (Figure 4) shows that in the shorter life
specimens, there is indeed a lower probability that the
crack will be in a larger region of facet-forming grains
than in the long life specimens. A qualitative check of
this result is that there is a strong correlation between
large facets seen fractographically and grain clusters seen
in the crystal direction map. Since facets form only in the
small crack and low-AK regimes, this implies that LCF
life variability within samples processed via a given route
may be caused by differences in the local microstructural
neighborhoods where the cracks initiate. This is a point
for further research.

This analysis has its limitations, of course, and needs
to be explored further. First and foremost is whether or
not the sampled area satisfies the requirements to be
classified as a representative volume element.
Nevertheless, an interesting correlation was observed that
warrants further investigation. In addition, while it was
reported that faceted growth is up to 10x faster than other
modes of growth™, additional experiments should be
performed on samples with controlled microstructure,
texture and microtexture and as a function of
microstructure.

4 Summary and Conclusion

In this paper we have examined Ti-6Al-4V that has
been processed by three different routes and a fourth
condition that has been processed by an unknown but still
different route. Even though the microstructures as
determined by metallography were ostensibly the same,
we have shown that the nature and degree of microtexture
are quite different. Fractographic examination of failed
LCF specimens showed that the cracks initially propagate
along basal planes and grains oriented with basal poles
inclined 25° to 55° from the loading direction. LCF life is
dominated by crack propagation and we have shown that
a correlation between the extent of facet formation and
shorter LCF life. Since facets form only in the small
crack and low-AK regimes, this implied that

Further, when clusters of grains that are capable of
supporting faceted growth are present the LCF life is
adversely affected. While there is more detailed work to
be done and more data needs to be analyzed for
consistency, we feel this way of analyzing the relation
between microtexture and LCF life is very promising and

[Figure 4. Cuniulative distribution function showing time spent in facet

forming orientations for six different conditions

may be useful for pre-screening and ranking various
microstructures. Naturally, some aspects of this analysis
would have to be modified if the crack growth
mechanism changes.
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